INTRODUCTION
Transcriptional rewiring is a term used for defining the modification of transcriptional circuits over evolutionary time, due to changes in transcription factors (TFs) and/or cis-regulatory elements. This concept has been widely used in studies of eukaryotic transcription circuits (1) , but much less in prokaryotic systems, mainly because the extent of the phenomenon in bacteria is presently unknown (2, 3) .
However, transcriptional rewiring may actually play an important role in prokaryotic genome evolution given the large turnover of gene functions. Indeed the prevalence of gene acquisition through horizontal gene transfer (HGT) (4-6) and gene loss from deletion events (7, 8) generates highly dynamic genomes that differ even between closely related species or strains. As an example of such a large turnover of genes, it has been estimated that 61 genomes of Escherichia coli strains share only $20% of gene functions (9) .
Transcriptional rewiring can result in activation of silent genes, such as HGT-derived genes without a compatible promoter (10) , or in modification of the expression of already present genes. Such activation requires as a first step the evolution of a functional promoter, i.e. À10, À35 boxes and TF-binding sites that can be recognized by the cell's transcriptional machinery (11) . In principle, a promoter could evolve by two different mechanisms. It can evolve de novo by the creation of cis-regulatory elements through point mutations and indels (12) . Alternatively, it can evolve in a single 'quantum leap' through the recruitment or mobilization of already existing promoters from elsewhere in the genome (13) .
Experimental evolution studies in Pseudomonas putida (14) , Lactoccocus lactis (15, 16) and E. coli (17) (18) (19) have found promoter recruitment to be the main mechanism driving transcriptional activation or rewiring of silent genes, through mobilization of partial or complete promoters by transposable elements (20) .
Furthermore, recent advances in understanding the function of DNA repeats in intergenic regions have shown that they can have important regulatory roles in transcription or translation (21) ; and given their ability to propagate, DNA repeats can also be involved in transcriptional rewiring. Miniature inverted terminal repeat elements (MITEs) are non-autonomous mobile elements, that is, they only transpose if a suitable transposase is provided in trans by an autonomous IS element. Examples of MITEs that can influence transcription are the Neisseria CREE element (22, 23) and the Yersinia ERICS (24) , both of which carry partial promoters at their termini.
Based on these observations, it seems that intragenomic promoter propagation could represent a major force driving transcriptional activation or rewiring in prokaryotes. In the present study, the extent of promoter propagation in archaea and bacteria was assessed by in silico analysis of all publicly available genomes. Evidence for promoter propagation events was found in more than 4000 families of conserved homologous sequences upstream of non-homologous coding sequences (CDSs). These 'Putative Mobile Promoters' (PMPs) present examples of reported insertion sequences (IS) and riboswitches, but notably also a large fraction of novel families of dynamic elements with potential influence on transcription. We hypothesize that PMPs may represent a vast recyclable reservoir of regulatory potential for rapid transcriptional recruitment or rearrangement.
MATERIALS AND METHODS

Identification of intra-genomic promoter propagation
To identify PMPs in a bacterial genome we looked for conserved homologous sequences upstream of nonhomologous CDSs (Figure 1 ). The promoter of each CDS was assumed to be contained in the first 150 to 100 nt upstream of the translation start site (TLS) of predicted transcriptional units. This assumption builds on the finding that bacterial promoters are relatively compact with 100-nt regions generally containing the regulatory signals needed for initiating transcription (2) . Furthermore, those regulatory signals are usually located immediately upstream of CDSs. For example, the majority of transcriptional start sites in E. coli K12 are located between 20 and 40 nt from the TLS, and most of the TF-binding sites are located 50 nt upstream of the transcriptional start site (25) . Therefore it can be reasonably assumed that the method deals with sequences probably involved in transcriptional regulation.
We took 100-nt fragments from all promoters and CDSs found in a genome starting at 50 nt upstream or downstream, respectively, of the TLS as depicted ( Figure 1 ). The sequences were extracted with an in-house developed Perl script using the annotation (.ptt) and the FASTA files (.fna) of 1362 complete prokaryote genomes (archaea-and eubacteria; 971 species; 503 genera; see Supplementary Table S1 for complete list) reported at the NCBI website (May 2011). The collected sequences from different chromosomes and/or plasmids of the same genome were stored in one file and formatted as a BLAST database. The BLAST (26) alignments were performed within each genome using an E-value cutoff of 0.0001 and the filter for low complexity regions off. A hit between promoters was considered relevant if the alignment was at least 50 nt long with 80% identity (i.e. at least 40 out of 50 nt were identical) while all hits between coding regions were considered indicative of homology. All filtered pair-wise hits were clustered with the NetClust (score cutoff of zero) program (27) to obtain the unfiltered families (we call pre-clusters) of homologous sequences per genome. A pre-cluster was discarded if (i) it contained both promoters and CDSs, since these sequences could represent misannotated TLSs, or (ii) the whole gene was duplicated (promoter region and CDS), since we are interested only in promoter mobilization. Pre-clusters passing the filters became families of PMPs. In each family, the promoter showing homology to the most members was selected as representative. If the representative was homologous to all members in its family, then it was said to be a central node and it indicated the presence of a highly conserved core in the family.
Identification of inter-genomic promoter propagation
CD-HIT-EST (28) was used to cluster all representatives at 80% identity over 50 nt (program parameters: -c 0.8 -G 0 -aL 50). The clustering removed redundancy in the dataset and identified PMPs in different strains of the same species, different species of the same genus or bacteria from different genera.
Control dataset: randomized sequences
To estimate the number of duplicated promoters that one could expect to find by chance, we generated a mock dataset with shuffled sequences having the same promoter and CDS nucleotide compositions for each genome. Sequences were re-shuffled 10-20 times with an in-house developed Perl script and then run through the pipeline.
Functional analyses of the propagated promoters
Quantitative analyses were carried out to investigate the incidence, conservation and possible function of mobile promoters. The non-redundant dataset was used to query RFAM (29) , IS Finder (30) and published MITEs datasets (21, 22) to assess how many of the identified promoters are actually known RNA regulatory elements, IS or non-autonomous mobile elements. The cmsearch program of the INFERNAL suite (31) was used to search against the 1973 RFAM calibrated models (14 June 2011 release) with the trusted cutoff (-tc). The IS Finder web server was used to search for reported IS elements with an E-value cutoff of 0.0001 and with filter for low complexity regions off. To find the more distant members of each PMP family and thus gain insight into the propagation dynamics of PMPs, we extended the families with all BLAST hits having an e-value < 0.0001 that did not pass the alignment length and identity filters.
Finally a comparison of PMPs present in E. coli strains was performed to check for inter-strain variability.
Pipeline
A pipeline script was programmed in Perl to automate every step of the analysis, except for the use of IS Finder. The pipeline runs in a Linux environment and it requires the data and supporting programs to be installed locally. Please contact the authors for the suite of scripts and instructions.
RESULTS
Identification of intra-genomic promoter propagation
PMPs were identified as highly similar stretches of noncoding DNA located in promoter regions of nonhomologous genes in a species (Figure 1 ). All promoter sequences with minimal length of 150 nt upstream of the start codon (1 142 064) were mined from 1362 prokaryotic genomes and formed 11 821 pre-clusters. Over 60% (7366) of them also shared homology in their corresponding downstream CDSs, and thus cannot be considered as only promoter duplications. This strong reduction to 4455 families indicates that most of the highly conserved duplicated promoters in these bacterial genomes are in fact part of complete gene duplications. We also filtered out cases of homology in the neighbouring upstream CDS and were left with a final dataset of 4071 families (13 111 sequences; see Supplementary Data for FASTA sequences of identified PMPs). Among the discarded data we found several cases (47% = 180/381 pre-clusters) in which the conserved promoters were actually long terminal inverted repeats from transposases present in multiple copies in the genome (e.g. Supplementary Figure S1 ).
Analysis of the family of 10 members in Treponema brennaborense DSM-12168 ( Figure 2 and Supplementary  Table S2 ) showed that the promoters are highly similar to each other (average identity of 95%) over a large stretch (average length of 84 nt). Upon closer inspection it was found that sequence conservation starts around position À5 upstream of the TLS and extends up to position À120 with less conserved sequences up to À170 nt.
Identification of inter-genomic promoter propagation
Redundancy in the dataset caused by over-representation of certain bacterial clades in the genomes database (e.g. E. coli) was not purged from the beginning because it was of interest to identify recent promoter propagation events across strains of the same species. To estimate the level of redundancy in the results and to pinpoint cases of PMPs across different species or genera, all identified duplicated promoters were clustered together (see Supplementary (Figure 3 and Supplementary Table S4 ). There were also 36 families formed by representatives from the same genome that were not grouped together in the pipeline (due to identity or length filters) but are indeed homologous.
Control dataset: randomized sequences
Using randomized sequences with the same nucleotide composition (mock data), 1457 pre-clusters were obtained through BLAST and Netclust (149 107 in real data). All of the pre-clusters were formed by a mixture of CDSs and promoters sequences, since both types of sequences are used for the clustering in the pipeline. Therefore no pre-cluster made it through to the final families dataset (11 821 did in the real data). Looking at the genomes that were particularly enriched with random pre-clusters, we found four genomes with >20 ( Supplementary Table S5 ). All such genomes have a skewed base composition (<30 or >70% GC), which could explain the high number of random sequence conservation. This is supported by a plot of % GC versus number of families (Supplementary Figure S2 ). In the real dataset, none of these genomes had a particularly high count of families (all 10 families) and the number of families was not correlated to the GC content of the DNA molecule (Supplementary Figure S2) . The top five genomes with the largest number of families in the dataset (all !21 families) had zero or one family in the mock data.
Quantitative analysis of the PMPs distribution
A total of 4074 families were mined from 1043 prokaryotic genomes representing 424 genera. The genera with most families were the ones with more sequenced representatives, e.g. Clostridium (149 families; 31 genomes), Escherichia (141 families; 31 genomes), Streptococcus (125 families; 52 genomes) and Bacillus (104 families; 37 genomes). Normalizing the number of families by the number of genomes in the database showed that four cyanobacterial genera and one bacteroidetes had the highest enrichment of families relative to the number of available genomes. The species with the largest number of PMP families are Anabaena variabilis ATCC29413 (28 families), Geobacter uraniireducens Rf4 (27 families), Cyanothece PCC7424 (25 families), Trichodesmium erythraeum IMS101 (22 families) and Psychromonas ingrahamii 37 (21 families). All five species are free-living organisms and have large circular chromosomes ( Supplementary Table S5 ) suggesting that genome size could be correlated with the number of duplicated promoters, a similar correlation has been reported for gene paralogs (32) and regulatory potential (33) . However no correlation was observed when plotting the size of the DNA molecule (chromosome or plasmid) versus the number of families, nor the number of mock pre-clusters (Supplementary Figure S3 ). The same result was observed when plotting the total genome size versus the number of families (data not shown). About 80% of the analyzed genomes contain less than six families of duplicated promoters (78% = 812/1043 genomes; Figure 4A ) and the majority have only one family. This overall low count of propagated promoters suggests that either mobilized promoters diverge very fast and the present methodology is too conservative to find more cases, or that promoter mobilization independent of CDS duplication is a rare event.
Small family sizes were obtained with the majority having only two members (68% = 2771/4074 families; Figure 4B ). These pairs were on average highly conserved (mean identity of 92%, Figure 5A ) and the majority were of the minimal allowed alignment length (50 nt, Figure 5B ). Interestingly, the most frequent case was that of identical promoters, which again implies the pipeline is finding predominantly very recent or conserved duplications. The largest family (93 promoters) was found in the anaerobic sulphur-reducer Desulfurivibrio alkaliphilus AHT2.
Search of riboswitches, IS elements and MITES
Riboswitches and IS are known elements with possible regulatory functions. In order to examine the fraction of PMPs that are in fact such reported elements; we queried representative sequences from the non-redundant dataset (3216 sequences) against the RFAM and IS Finder databases.
Searching the RFAM database resulted in 125 hits ($4% =125/3216 representatives) with 33 RNA models of RFAM (out of 1973 present in the database). The most frequent hit was with tRNAs (42/125 hits), which are known integration sites for genomic islands (34) .
The method effectively purged IS elements from the dataset by restricting sequence conservation only in the promoter regions and not in their neighbouring CDSs. However IS elements can leave behind direct repeats when they excise and insert in another location. Searching against the IS Finder web server to find traces of similarity to IS elements, 210 hits ($7% = 210/3,216) with 177 different IS were retrieved. Methylobacterium extorquens AM1 had most hits with the database (5/14 families).
Two PMPs had hits both with RNA-regulatory elements and IS elements. One is a pair present in Stenotrophomonas maltophilia that presented similarity to the mraW RNA motif, associated with peptidoglycan synthesis (RFAM, http://rfam.sanger.ac.uk) and to the ISStma8 transposase (IS110 family). The other doublet is present in Glaciecola agarilytica and was similar to the antisense RNA-OUT that regulates transposition and the ISPat1 (IS4 family). Thus, the resemblance to IS elements could provide the RNA elements with mobility. This is interesting since the mechanism by which riboswitch families expand or shrink is presently unknown. However it can be anticipated that the dynamics of mobile elements (e.g. IS, transposases, etc.) can result in different frequencies of the RNA elements, e.g. Streptomyces coelicolor's genome has nine copies of the adenosyl-cobalamin riboswitch (Ado-CBL) while Streptomyces avermitilis' has four. The fact that the dataset had a low count of reported riboswitches and IS elements (together $11% of families) indicates that our methodology finds mainly new mobile regulatory elements.
To investigate the occurrence of MITEs in the dataset, all representatives were searched against a database of 5 0 -UTR CREE elements (22) . None was found in the dataset. Manual checking confirmed that such repeats were excluded early in the pipeline because they are present both in promoters and CDSs regions.
Functional categories of CDSs downstream of PMPs
To analyze if the PMPs that we find are biased towards certain functional classes of genes, the Cluster of Orthologous Groups (COG) (35) classification from all downstream CDSs was obtained. With respect to the encoded product, most of the genes encode hypothetical proteins (4809/13 111 CDSs) followed by transposases (295/13 111 CDSs) and GCN5-related N-acetyltransferase (57/13 111 CDSs). Only in a minimal fraction of the families (3% = 130/4074 families) all members of the same family belong to the same COG. These could represent genes involved in the same metabolic pathways that would benefit from coregulation.
These data together imply that little information is available for the CDSs found in our study, which is in accordance with our hypothesis that PMPs could be involved in recent events of transcriptional rewiring of species-specific genes rather than housekeeping functions. Case study: E. coli Rapid propagation of the PMPs throughout genomes could result in different frequencies of these promoters in closely related strains. An example of intra-species variation was analyzed in E. coli, which is represented in the database by 30 sequenced strains. It was found that even between closely related strains there were substantial differences in the number of families and/or number of promoters in the families (Table 1 ). Families were found in all 30 reported genomes however the numbers varied from 2 to 8. Differences were found even between isolates of the same strain, for example in E. coli K12 MG1655 (five families) and E. coli K12 DH10B (three families). To validate that the different counts are not an artifact of the set identity and length thresholds, promoter families were made again but taking into account all BLAST hits. Differences in abundance of families and number of promoters were found again thus showing that the PMPs do have different frequencies in closely related strains. For example Table 2 shows the distribution of a PMP across different Enterobacteriales (E. coli, Salmonella enterica, Shigella boydii and Yersinia pestis). The downstream CDSs of the PMP are classified into a large variety of COGs and the degree of sequence conservation is also variable. Diverged copies of the PMP are indicated with gray cells in the table and conserved copies with brown cells. All E. coli CDSs downstream of PMPs were checked to determine the abundance of HGT, by using a dataset of identified HGT events (6) . It was found that $25% of the CDSs in our dataset present evidence of HGT (Chi square test at P-value = 0.0001), which is about the same as for all E. coli genes (30%). Therefore our dataset of PMPs is involved both in transcriptional activation events for HGT-genes but primarily in transcriptional rewiring of already existing functions. Another interesting observation is that in some cases the number of families and family members did not change or only very little, e.g. E. coli O157 family (Table 2) , while in other cases the total number of promoters increased dramatically, e.g. the family in Y. pestis grew from 13 to 100 promoter members (see Supplementary Table S6 for complete list of PMP families, members, riboswitches and IS elements per genome). Such difference in occurrence and conservation could provide information on the mechanism by which the promoters are being mobilized. A promoter with tens or hundreds of copies in a genome could well represent a non-autonomous mobile element that is copied by an active transposase, while a promoter present in two or three copies could be result of random duplication through homologous or non-homologous recombination.
DISCUSSION
Treangen et al. (36) provide an operational definition of DNA repeats based on three properties of the copies: (i) the distance between them, (ii) the similarity level and (iii) the length over which they align. Analyses of such The different strains are shown in the columns while rows stand for COG annotations. Brown cells show highly conserved copies of the PMP and gray cells correspond to diverged copies (below length and identity thresholds). Differences in PMP frequencies and conservation can be observed between different genera, species and strains.
properties have produced the guideline that exact repeats >25 nt are statistically significant in most prokaryotic genomes (36) . Since the present study required alignments of at least 50 nt with 80% identity, the dataset presented is a conservative investigation of the repeats found in promoter regions throughout the bacterial and archaeal domains. We showed that neither the length nor composition of the DNA molecules is correlated to the presence of PMPs. Our analysis pipeline did not find any family of mobile promoters in a control-randomized dataset ( Supplementary Table S5 ). Therefore we are confident that the data presented in this study indeed represent statistically significant events of promoter propagation. Bacteria seem to employ various mechanisms to be able to reuse promoter sequences instead of having to evolve them de novo. Based on reported literature and inspection of the dataset, we propose that promoters can be mobilized through four main mechanisms: (i) mobile elements, either as part of the terminal inverted repeats (15) , or linked to them (13); (ii) non-autonomous mobile elements, emulating terminal inverted repeats (21); (iii) random duplications mediated by recombination processes; and (iv) HGT, which actually is the result of mobile elements (e.g. conjugative plasmids) or duplications (e.g. minimal mobile elements). Families of promoters that were conserved along with an upstream CDS are probably examples of mobile elements (transposases) that carry promoters (Supplementary Figure S1 ) in their termini. Families that grew dramatically when all BLAST hits were taken into account probably represent groups of non-autonomous mobile elements or scars from autonomous mobile ones. Pairs found in single species are probably examples of random promoter duplications resulting from homologous or non-homologous recombination. Families present in bacteria from different species or genera could represent HGT-derived promoters (Figure 3 and Supplementary  Table S4 ), potentially capable of being functional in a broad host range. Although there are no reported cases of HGT-derived promoters, it is a plausible scenario since any type of DNA can undergo lateral transfer (37) . This rapid integration of novel gene functions probably is an important factor in the success of HGT and the rapid adaptation to novel niches. It is presently unknown to which extent HGT-derived genes come with a promoter that can be used straightaway. However there are indications that such a promoter-CDS cotransfer is unlikely to occur since expression of the novel gene can be deleterious to fitness or even lethal if the novel CDS product is toxic or poses gene dosage problems (38) , plus there is an inherent limitation to HGT regarding the length of simultaneously transferred DNA. Therefore, recycling of appropriate promoters for HGT-derived CDSs seems to be a plausible, economic and biologically significant event in the integration of novel gene functions. This is in agreement with the finding that the evolutionary rate of non-coding upstream sequences is higher for the most recent HGT-derived CDSs in E. coli K12 (12) .
The results also show how bacteria could recycle genetic material not only at the CDS level for generating paralogs in the process of neofunctionalization but also in non-coding regions to generate (novel) families of regulatory sequences. Since mainly small PMP families are identified, it seems that either they diverge very fast or family expansion is uncommon. Family expansion to include all BLAST hits of the PMP provided examples of both cases. While the doublets (families of two promoters) were highly conserved ($92% identity, Figure 5 ), the larger families already presented many variations near the TLS (see Figures 2 and 3 for examples). This could be an illustration of how a generic mobile promoter adapts to produce different transcriptional responses in the downstream CDSs, providing thus flexibility in the type of regulation it provides. This also indicates that most probably the doublets represent the most recent cases of promoter propagation, which is supported by the fact that identical promoters are the most common case ( Figure 5 ). Finally, it can also be argued that the fast divergence of PMPs families also prevents genomic instability by quickly reducing the chance of recombination between identical copies. This could explain why we find highly conserved PMP families at a low frequency in all analyzed genomes (on average three families per genome) with the conservative methodology we followed. It will be interesting to determine which proportion of the PMPs are transcriptional activators, down-regulators or even silencers, and if their function lies at the transcriptional or post-transcriptional level.
